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ORKA: The Golden Kaon Experiment

Precision measurement of K'—m*vv BR with
~1000 expected events at FNAL Ml

Expected BR uncertainty matches Standard
Model uncertainty

Sensitivity to new physics at and beyond LHC
mass scale
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Builds on successful previous experiments
BNL E787/E949
7 candidate events already observed

Detector R&D and site preparation underway




K*—m*tvv in the Standard Model

“Golden decays”: K—mvv are the most precisely
predicted FCNC decays involving quarks

Bow (K* —7*vv)=(7.820.8)x10™"
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A single effective operator: (EL)/MCZL)(;L)/MVL)
Dominated by top quark
Hadronic matrix element shared with K*—nle*v,

Dominant uncertainty from CKM matrix elements
* Expect prediction to improve to ~5%




Sen31t1v1ty to New Phy31cs "

1010 x BR(K, — n%vp)

o 1 > 3 s
109 x BR(KT — 7tui)

Prediction and measurement at 5% level allows 50 detection
of deviation from the Standard Model as small as 30%.
K*—m*vv BR has significant power to discriminate among
new physics models.




Constraint on New Physics

35,

(107"

20:
15F

10F

Br(K; = :rovi')

1015 20 25 30 35
Br(K* - x*wi(y)) [107)

More details:
http://indico.cern.ch/getFile.py/access?

Flavor-changing Z-
penguin operators are
leading effect in many
BSM models

When Z-penguins
dominate, experimental
value of €'/e constrains
possible enhancements
to K,—n’vv branching
ratio

Four-fermion operators
not subject to this
constraint

contribld=5&resld=0&materialld=slides&confld=65927
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Arbitrary Units

K*—mtvv Measurement

0 50 100 1B0 200 250

nv

T 64%

whrin~ (058) 21% 4
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'ty

Momentum {MeV/c)

30l

Momentum spectra of charged particles]

from K* decays in the rest frame

Observed signal is
K+— n*%u*%e”
Background

exceeds signal by
> 1010

Requires
suppression of
background well
below expected
signal (S/N ~10)

Requires it/p/e
particle ID > 10°
Requires m°
inefficiency < 10°
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T

Branching Rot|o (K* ﬁ>1r V)

Experimental History

S R I . Eat E787/E949 E
5 | ¥ Klems/LBL v 90% CL Upper Limits 8,40 E . Esas.n _ ™
i = -+ ET87-PNN2 1 )
; v Cable /LBl o | ®E7S7-PNNI 3 o
| 35 | 3 o
-7 ( v Asano/KEK E787 = E949 20 [ E B
C ] =
; BNL E787 v upgrades 2 .l E 2
- | ] o
Al 2 £ | : 3
. t E787 v - - ' . =
l experiments 15 b | £ =
~ used E787 g - ] =
_g ‘ = Y| JLET T FUTTL FETEY FRUEE IPEE FYETY FETEI FRUTE PETHL PEeT =
10 7 | stopped | 50 60 70 80 90 100 110 120 130 140 15( ]
F s £949- Energy (MeV) 4]
[ kaons. £787 ¢ . Final ;
7 ¢ [ ] . . E
e Standard Model | 57871 E787/E949 Final (7 candidate
| ) £949 events observed):
[
‘ ., 11.5 -11
o B(K* —'vv)=17.373x10
i Il I

|
1970 1975 1980 1985 1990 1995 2000 2005 201¢ . Standard Model:
Year of Publication - -11
B(K+ — n*vv) = (7.810.8)><10




/ Measure
Stopped-Kaon Technique everything!
—
a b
o
Barrel — S
veto .
~
i
BVL o0
=)
Range <
stack ——
= 2
RSSC =
End cap I I~ =
T 2
Collar \_} Il £
o cor B £
cam e—————1" Barrel Drift chamber [39)
/ \Target veto =
Beam Upstream  BeO B4 | Downstream ]
Cherenkov  photon photon 7
detector vetocounter  AD Drift chamber  veto counter Range stack Target -
Side view (cutaway) End view (top half) E

K* detected and decays at rest in the stopping target
Decay t* track momentum analyzed in drift chamber
Decay mnt* stops in range stack, range and energy are measured

Range stack straw chamber provides additional t* position
measurement in range stack

Barrel veto + End caps + Collar provide 4nt photon veto coverage




Analysis Strategy (E 747 /E949)

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

E787/E949 = ]

ES49-PNN1

Measure everything!
E787-PNN2

Separate analyses for PNN1 and PNN2 F o E787.BNN]
regions B
Blind analysis w b
Blinded signal box b [ £
Final background estimates »F X ¢
obtained from different samples § . | g
than used to determine selection 18 ; E

criteria (1/3 and 2/3 samples) B T ST TRT VT T O TP T IO

. . . 50 60 70 80 90 100 110 120 130 140 15(
Bifurcation method to determine Energy (MeV)

background from data
Use data outside signal regiorn

Two complementary, uncorrelated
cuts

Expected PNN1 background << 1 B D A/B =C/D

event
: A =BC/D
Measure acceptance from data where Signal __ 55—~

' region Looser
possible cUT2 > .

Py
(4]
b

Range (cm)
3
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Worldwide Effort

CERN NA-62 (K*—m*vv)

ooooooooooooooo
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Decay-in-ﬂight experiment
Builds on NA-31/NA-48
Expect ~55 K*—mt*vv events
per year (SM) with ~7 bg
events per year for ~100
total events

Expect 10% measurement of
K*—m*vV BR
Complementary technique to
ORKA

J-PARC E14 “KOTO” (K,—m'vv)

Pencil beam decay-in-flight
experiment

Improved J-PARC beam line

2"d generation detector
building on E391 at KEK

Re-using KTeV Csl crystals to
improve calorimeter (better
resolution and veto power)

Expect ~3 K,—nvv events
(SM) with S/B ~ 1
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ORKA at FNAL

Stopped-kaon technique
Builds on successful BNL E787/949 experiments

17 Institutions in 6 countries: Canada, China, Italy, Mexico,
Russia, USA

2 US National Labs, 6 US Universities
Leadership from successful rare kaon decay experiments

PSU UNBC ' o
7""“’"; i ; < T : 71

August 2, 2013

mmmmmmmmmmm UNIVERSIDAD AUTONOMA
kst DE SAN LUIS POTOSI

JJ 11__")

NATIONAL LABORATORY "'FO UCLEARRESEARCH @TRIUMF
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ORKA:
a 4™ generation detector

P996 DETECTOR

MAGNET BARREL v VETO

T-COUNTER \
B4 COUNTERS \

COLLAR COUNTER

HOLE COUNTER : o BN
\ ) ‘I = ~

BEAM »

RANGE STACK

I-COUNTER

August 2, 2013

END CAP y VETO

CERENKOV COUNTER /

BEAM CHAMBER 1 MICROCOLLAR

BEAM CHAMBER 2 |
ACTIVE DEGRADER |
END CAP  VETO

Expect x100 sensitivity relative to BNL experiment:
x10 from beam and x10 from detector
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Sensitivity Improvements: Beam

Main Injector
95 GeV/c protons

G4_beamline

600 MeV/c K* particles

Increased number of kaons/proton from longer target, increased
angular acceptance, increased momentum acceptance (x4.3)

50-75 kW of slow-extracted beam ) ///" “ ]
48 x 1012 protons per spill /Gy f
Duty factor of ~45% me P 2

# of protons/spill (x0.74) i m\ [Eram——= é)
Secondary Beam Line relative to E949}> %
%

Larger kaon survival fraction (x1.4)
Increased fraction of stopped kaons (x2.6)

Increased veto losses due to higher instantaneous rate (x0.87) .



Sensitivity Improvements:

Acceptance
Component Acceptance factor
aT— jL— e 12.24 4+0.07 >
Deadtimeless DAQ 1.35
Larger solid angle 1.38
1.25-T B field 1.12 +0.05
Range stack segmentation | 1.12 +0.06
Photon veto 1.65“:8:‘;’3
Improved target 1.06 £ 0.06
Macro-efficiency 1.11 +£0.07
Delayed coincidence 1.11 = 0.05 x11
Product (Racc) 11.281“‘&3 relative to
E949
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ORKA K*—m*vv Sensitivity

.8 0.3 e e e L T T T -
e 210 events/year (SM) ] ] S
o]0 - ’ . %
0,25 [ f b — %
= i -— Stat only | | y =
@) - : v
S ol _.-.._.-.-._.-..-::5::::::.'.:.-.-..Se.ta_.t._-:l:.-.1.9.%.5_.99K.Q.EQ.!J_[!_;C!._!J.D.Q..Q[I.@Imy E
c L\ i =
O 045Ny — =
— i e : i i : 2
O 5 | ) S
S 0.1 NS U S 5% measurement| B8=
T o ' in 5 years
O 0.05 P im e m i mim e e e e e e e W —— ’5 BYErE e
B - Theory uncertalnty i
E (prOJecteléd) = -

% ] 2 3 4 5
Running Time (years)




ORKA Physics Topics

+ +n TP
» KT — mt + missing energy > KT — 7y

» Kt — ntup(1) TP > Kt - atyy P
» Kt — ntup(2) TP » Kt — mtyyy S
» KT + 31,77 ~
Kt s > K — 7tDP; DP — ete™ 3
» Kt — 1t %oXo(FF) P » KT lifetime >
» Kt — 770 + missing energy » B(KT — nt70)/B(Kt — ptv)
» Kt - ntnup TP » Kt — 7tn0ete— £
+ +.0 =
» Ko miX > K* o moptut (LFV)
» KT — ut + missing energy 0 . TP 2
» K™ — p*vy, (heavy neutrino) 7 > 7 — nothing * =
» Kt — ptvM (M =majoran) » 10 — YyDP; DP — ete™ .
» KT —);1,'*'1/171/ > ,n_O _)7X
T: E787/949 thesis E787/949: 42 publications, 26 theses
P

P: E787/949 paper . .
“DP” = dark photon KTeV: 50 publications, 32 theses




K*—m*vv PNN1/PNN2 ratio

PNN1 and PNN2

. : . E L) RAARE RALLR RALAN LAALY RALLE LALL ARARERALA AR
kinematic regions L4 £ B =
@ ) 1 :
analyzed separately 2w [ S5 ] >
. - @ E787-PNNI1 2
Different b : E
background and ok 3 S
acceptance issues L : g
: 25 . r \
If ratio of BRs : v : 2
measured inthetwo  *Ff | E g
. . 5 . ! ] =
regions differs from 15 | | . =
SM, could indicate v Bl oo e e ettt
. 50 60 70 80 90 100 110 120 130 140 15(
new physics Energy (MeV)

ex: unparticles




Upper limit 907% C.L.

Kr—atX0

Many models for X°: familon, axion, light scalar pseudo-NG
boson, sgoldstino, gauge boson corresponding to new U(1)
symmetry, light dark matter ...

K*—m*vv is a background

-7
10

Upper limit on K*—=m*X
where X has listed
lifetime

T T T I T T 9
g 4
... :

1 llllllll

where X is stable

| lllll

Upper limit on K+—>7|:+X]
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K*—atX% “event”

42
40f
a8
36 [

34 -

Range (cm)

32

30—

28_—

'E787/E949

|

|

|

|

|

1 L1

100

120

10
Energy (MeV)

130

140

150

One event seen in
E949 K*—m*vv PNN1
signal region is near
kinematic endpoint

Corresponds to a
massless XY

Central value of
measured Kt—m*vv
BR higher than SM

expectation

Event consistent with
SM K*—mtvy, yet...

Interesting mode for
further study
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+ st rOn vy
Kf—=matn’'vv
Ke4 BR allows firm SM prediction (1-2 x 1014)
New physics from axial-vector in addition to vector currents

E787: B(K*—=mtnivv) < 4.3 x 10°° S
Limited by trigger bandwidth and detector resolution %
Expect x 1000 improvement at ORKA =
> 350 F 2 30 f | §
= - = : c
> 325 f > 25 | BNL E787 =
§ o | & a0 | arXiv:hep-ex/0009055v1 3
S oo | h 275 - : g
L s O
250 | 250 | =
; E o
225 — 225 —
200 - 200 -
175 — - 175 —
150 - 150 - : PR
125 g db———t————————— 125 : PR .. ) .. “A‘ v i
100 150 200 250 100 250
1" Momentum (MeV/c) n° Momentum (MeV/c)

FIG. 4. 7V energy versus % momentum for K* — w* 7w candidates (left) and for Monte
Carlo signal events (right). Box indicates the signal acceptance region. K2 events cluster at the
upper right in the top plot.




Heavy Neutrinos: K*—u*X°

107° e arXiyz1101.1382v1 ] Ongoing E949 analysis (A. Shaykhiev, INR)

L

- -
- . E949 expected i
_ n : 2
_ i N 105§ Y9 single event -
'z; 10 - - _'§ | - sensmth bzo
+ = 3 : -6 S-_;Dgcyt[jm/ =
=1 - . - 107 p 0 ED ©
.'lx - - E : g_%
' i ) 3
x o L ed won 1 c
g 10-)' - - Ho g—? e",L.'[\;!ve + c.c.j é
s 3 : _ -
- — I 1 o
- B 10° £ tw = 0.1 s PX + Q
10—8 1 [ 111111| 1 1. 11111 P E
10' 107 10° 107 T
xw
=10 e e B
Ex: Allowed BR(K*—u*N, ;) for 10 ORKA
NH in vMSM, M\=120 MeV: 100 200 300 400

~4 x 108 to ~4 x 10° M (MeV)




Heavy Photons
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A’: same interactions as SM
photon with reduced coupling

Dark matter candidate

Multiple dedicated
experiments

¢ K*=> tA’> mrete and ° > YA > yete

* Signal would appear as resonance above continuum
in e*e” invariant mass distribution

e Electron resolution and background from conversion
could be a problem

* No ORKA sensitivity estimate yet
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Precision Measurement of Ke2 /Ku?2

(K" — e+% ——

Rey = (2.477 £ 0.001) x 10

Extremely precise because hadronic form factors cancel in
ratio

Ry

Sensitive to new physics effects that do not share V-A
structure of SM contribution

R = (2.488 + 0.010) x 105 (NA62)
R = (2.493 + 0.025 + 0.019) x 10°° (KLOE)

Expect ORKA statistical precision of ~0.1%
More study required to estimate total ORKA uncertainty
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ORKA Sensitivity Summary

(preliminary estimate of sensitivity)

Process Current ORKA Comment
Kt =5 xtui 7 events 1000 events g
K+ -t X0 < 0.73 x 10-19 @ 90% CL < 2x 1012 K+ — n+uvi is a background :
Kt = ntaui <43x 1073 <4x10°% §
K+ - nta0X0 <~ x 107 <4x10° 5
Kt 5 aty <23x107" <6.4x1071 .
K+ = pF Uheavy <2x107%—-1x10"7 <1x10-10 150 MeV < m, < 270 MeV Tc_g_
K+ — ptu,wp < 6x 107 <6x 107 o
Kt o5 atay 293 events 200,000 events é
I'(Ke2)/T(Kpu2) +0.5% +0.1% 2}
7l = v < 2.7%x 1077 <5x107%to <4 x107¥ depending on tech nique a
7l 5 4 X0 <5 x 10714 <2x1079 8
=
i

ORKA, while highly optimized for K*—=n*vv, is
capable of making important, precise measurements
of many other physics processes.

Real discovery potential

Training ground for next generation of US flavor physicists .




Experiment Site: BO (CDF)

ORKA detector fits inside CDF
solenoid

Re-use CDF solenoid,
cryogenics, infrastructure

Requires new beam line from
AO-BO

August 2, 2013
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ORKA Site Preparation

Central detector and muon walls now in assembly area
Removal of cables, electronics, and PMTs almost complete
Tracker removal planned for this month

Outer muon system demolition ongoing

August 2, 2013

ETW: CSS2013, Minneapolis




ORKA Simulations

Hit map in TARGET

;E N * |Implemented in ILCRoot framework
e ! * Verify acceptance increase relative to BNL E949
o * Evaluate detector technology options

gttt * Optimize detector design
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ETW: CSS2013, Minneapolis




ORKA Detector R&D

In progress: see S. Kettell’s
talk in this session

R&D topics
SiPM readout

Front-end electronics for
SiPMs

Trigger-less DAQ

ADRIANO fully-active
calorimeter

GEM tracking
Detector optimization
K* beam line design

GEM foil:

aS & 5 &5

a2 A2 A 2
140um

Y F—€Y ™Y

o & @9

N < .. e = P o

Cerenkov p.e.

| Svs C p.e. @ 10 MeV
S © L |—gamma |
100— :._'ﬂ e el L 0 = electron . ‘.‘\
[ i o L neutron

3
YVTXY'YTY

Scintillating p.e.
g

3
e .

» ol
A

s DR ane
, 15 20 25
Cer Energy vs Scint Energy ]

Alr. N

ORKA




ORKA Cost & Schedule

System-by-system review of cost estimate
conducted by ORKA collaboration in 2012-2013

Input from external experts

Much more detailed understanding of expected costs
relative to 2011 proposal

ORKA total project cost: ~S50M

Beam line costs covered by FNAL AlPs
AlIP: Accelerator Improvement Project
Similar strategy to muon campus

FNAL Stage 1 Approval: 2011
R&D to optimize detector design underway
Working with DOE to determine best timing for CD-0
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ORKA Summary

High precision measurement of K*—m*vv at FNAL Ml

Expect ~1000 events and 5% precision on BR measurement
with 5 years of data

Significant measurements with real potential for discovery
of new physics

4th generation detector using a combination of known
techniques and modern detector technology

Requires modest accelerator improvements and no civil
construction

ORKA proposal:

http://www.fnal.gov/directorate/program_planning/
Dec2011PACPublic/ORKA Proposal.pdf
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Flavor community and US funding agencies are enthusiastic
about ORKA and working to find a way to make it possible. .
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mr—u*—e* Acceptance

E949 PNN1 ni*—u*—e* acceptance: 35%
Improvements to increase acceptance relative to E949:

Increase segmentation in range stack to reduce loss from
accidental activity and improve n/u particle ID

Increase scintillator light yield by using higher QE photo-detectors
and/or better optical coupling to improve u identification

Deadtime-less DAQ and trigger so online i/u particle ID
unnecessary

Irreducible losses:

Measured rt* lifetime 3-105 ns ~87%
Measured p* lifetime 0.1-10 ns ~95%
Kt escape n/a ~98%
Undetectable et n/a ~97%

Total ~78%
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Background (E747/E949)

Charged particle
for events BeO| AD
passing At
. K*orm* Decay in flight =
PNN1 _trlgger B or scattering ~
§UF BWPC2 =
g,, 35?- 2
2w BWPCI £
205_ A B K* Stop §
: < BeO' AD " 5
15 > o
N TR T TR TR TN T K'orz* Decay in flight S
120 140 160 180 200 220 240 260 280 or scattering A
Momentum (MeV/c) U
\ BWPC2 =
/Stopped kaon Beam W
background: bac.kgrou nd: BWPC]
K*— mttm® Single beam
Kfr—=utv Double beam | k- BeO| AD
ut band Charge
K*—utvy exchange

\ Kt—u*mdv / BWPC2



Table 9.4: The E949 experiment “as run” is compared with the proposed experiment. N is the
number of kaons entering the Cherenkov detector that defines the upstream end of the experiment.
Instantaneous is abbreviated as “inst.”

and average as “ave.”

found in the section indicated in the right hand column.

in the table. Descriptions can be

Component E949 “as run” ORKA Ratio Section
Proton momentum (GeV/c) 21.5 95 9.2.1
Protons/spill 65 x 1012 48 x 1012 Rproton = 0.738 | 9.2.1
Spill length(s) 2.2 4.4 9.2.1
Interspill(s) 3.2 5.6 9.2.1
Duty factor 0.41 0.44 9.2.1
protons/sec(ave.) 12 x 1012 4.8 x 1012 9.2.1
protons/sec(inst.) 15.9 x 1012 10.9 x 1012 9.2.1
Kaon momentum (MeV /c) 710 600 9.2.2
K beamline length(m) 19.6 13.74 9.2.2
Effective beam length(m) 17.6 13.21 9.2.2
K survival factor 0.0372 0.0536 Revy = 1.4408 9.2.2
Angular acceptance (msr) 12 20 Rane = 1.66 9.2.2
Ap/p(%) 4.0 6.0 Rap=1.5 9.2.2
KT:mt ratio 3 3.31 +0.41 9.2.2
Relative K/proton — — Ry, =6.5+0.8 9.2.3
Ny /spill 12.8 x 10° (88.5 + 10.9) x 10° 9.2.5
'ic /sec(inst.) 6.3 x 10° (20.1 £2.5) x 109 9.2.5
N+ x/sec(inst.) 8.4 x 106 26.2 x 109 9.2.5
/10 /sec(ave.) 2.6 x 10° (8.85 4+ 1.09) x 10° 9.2.5
Stopping fraction 0.21 0.54 +£0.12 9.2.4
Kstop/s(ave.) 0.69 x 109 (4.78 +1.21) x 109 9.2.5
Running time(hr) — 5000 9.2.5
Kstop /" year” — (8.6 +£2.2) x 1013 9.2.5
Sl 0.77 £ 0.02 9.2.5

ORKA
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